Abstract Polycrystalline thorium(IV) phosphate-triphosphate, Th 2 (PO 4 )(P 3 O 10 ) (1), was obtained by (NH 4 ) 2-Th(PO 4 ) 2 ÁH 2 O (2) heating from room temperature to 1,273 K. 1 crystallizes in the orthorhombic space group Pn2 1 a (a = 11.6846(2) Å , b = 7.1746(1) Å , c = 12.9320(3) Å , Z = 4). Combining powder synchrotron X-ray diffraction data and DFT geometry optimization, a structural model is proposed for 1. The structure is built on ThO 8 polyhedral chains along the b-axis. PO 4 3-and P 3 O 10 5-groups coexist in the structure and the latter group forms non-linear chains. Cohesion of the structure is made by the linkage of ThO 8 chains by PO 4 and P 3 O 10 groups. Thermal transformation from 2 to 1 was monitored by thermogravimetric analysis (activation energy as a function of the extent of conversion was obtained from KissingerAkahira-Sunose (KAS) isoconversional method) and powder X-ray thermo-diffraction. For 2, the dehydration process takes place in two steps, with the apparition of a layered intermediate phase, (NH 4 ) 2 Th(PO 4 ) 2 ÁnH 2 O (0 \ n \ 1, d = 6.42 Å ), previously to the formation of (NH 4 ) 2 Th(PO 4 ) 2 (d = 6.31 Å ). The condensation process produces an amorphous material that crystallizes to a-ThP 2 O 7 (3) when the temperature increases. At 1,273 K, 3 slowly transforms to 1.
Introduction
The immobilization in ceramic materials for an underground repository can be considered one of the options for the management of long-lived and highly active radionuclides. In this field, our research group reported both the synthesis and structural characterization of the first innertransition metal monohydrogenphosphate, Th(HPO 4 ) 2 ÁH 2 O [1] . The experimental procedure (hydrothermal synthesis with H 3 PO 3 as the source of phosphorus) was similar to that we used previously in the well-crystallized Th 2 (PO 4 ) 2 (HPO 4 )ÁH 2 O preparation [2] , which is the precursor (by thermal treatment) of b-Th 4 (PO 4 ) 4 P 2 O 7 . This material is a promising ceramic for the specific immobilization of tetravalent actinides, as it allows the incorporation of large amounts of uranium, neptunium, or plutonium by substitution of thorium in its crystal structure, and it exhibits a valuable sintering capability and an interesting long term behavior (including resistance to dissolution and/or irradiation). In addition, by using a very simple experimental Electronic supplementary material The online version of this article (doi:10.1007/s10973-014-3922-0) contains supplementary material, which is available to authorized users. strategy, we reported the synthesis of the first ammoniumthorium phosphates, (NH 4 ) 2 Th(PO 4 ) 2 ÁH 2 O and NH 4 Th 2 (PO 4 ) 3 , which were structurally described [3] . The structure of NH 4 Th 2 (PO 4 ) 3 is similar to their alkaline analogs M I M 2 IV (PO 4 ) 3 (M I = Li, Na, K, Rb, Cs; M IV = Th, U, Np, Pu) [4, 5] . It is built with PO 4 monophosphate groups and ThO 9 polyhedra sharing their apices and their edges, thereby forming a three-dimensional framework. This is a different structure to the one adopted by the Th 1/4 Zr 2 (PO 4 ) 3 (NZP-structural family, NASICON-type) in which the extra-framework thorium(IV) is hexa-coordinated [6] . In this way, we report here both thermal synthesis and a structural model of Th 2 (PO 4 )(P 3 [3] . The phosphorus and thorium contents of the solids were determined by inductively coupled plasma mass spectrometry (ICP-MS) analysis (Finnigan, Element model) after dissolving a weighed amount in HF(aq). A Mettler-Toledo TGA/ SDTA851 e was used for the thermal analysis in nitrogen dynamic atmosphere (50 mL min . In all cases, ca. 15 mg of the powder sample was thermally treated, and blank runs were performed. A Pfeiffer Vacuum ThermoStar TM GSD301T mass spectrometer was used to determine the evacuated vapors. The masses 15 (NH 3 ) and 18 (H 2 O) were tested by using a detector C-SEM, operating at 1200 V, with a time constant of 1 s.
Powder diffraction studies
Powder X-ray diffraction patterns were collected on an X'Pert PRO MPD X-ray diffractometer with PIXcel detector, operating in the Bragg-Brentano (h/2h) geometry, using CuK a radiation (k = 1.5418 Å ). The Th 2 (PO 4 ) (P 3 O 10 ) powder synchrotron diffraction pattern was recorded on beamline BM25A (Spanish CRG, SpLine) at the European Synchrotron Radiation Facility (ESRF), Grenoble (France). The sample was finely ground and loaded into a 1.0 mm-diameter capillary mounted in a spinning goniometer. Room-temperature data were collected in a continuous 2h-scan mode from 3°to 58.60°using an incident wavelength of 0.82637(6) Å (calibrated with NIST SRM 640c silicon powder; a = 5.431195(9) Å ) [7] . The counts from the different channels were rebinned to produce an equivalent normalized step scan of 0.028, with a count time of 5 s per step. Indexing was performed with TREOR90 and ITO12 which are included in the CRYS-FIRE suite [8] .
Powder X-ray thermo-diffraction studies
In air, the sample was placed in an Anton Paar HTK 1200 N oven-chamber, on a PANalytical XPERT-PRO diffractometer, using CuK a radiation, equipped with PIXcel linear detector with 255 channels. Each powder pattern was recorded in the 10°-45°range (2h) with a step of 0.013°and a counting time of 0.424 s. Temperature intervals of 10 K, from room temperature up to 673 K, and 50 K from 673 K up to 1,273 K were chosen. The temperature ramp between two consecutive temperatures was 10 K min -1 .
Solid-state nuclear magnetic resonance studies 31 P SPE (single-pulse experiment) MAS-NMR spectra were recorded at 161.9 MHz on a Bruker Avance III 400 (9.4 T) wide-bore spectrometer using a 4-mm MAS probe. The MAS rate was 14 kHz and the Fourier transform was done on the free induction decay (FID) signals obtained after 36 accumulations, with a recycle time of 300 s in a typical measurement. 31 P chemical shifts are depicted (in ppm) with respect to NH 4 H 2 PO 4 (d = 0.9 ppm).
Determination of kinetic parameters
The kinetics of conversion in solids are usually described by equation (1), where f(a) is the reaction model, a is the extent of conversion, which is determined experimentally as a fraction of the total mass loss in the process, k(T) is the Arrhenius rate constant, T is the temperature, and t is the time. Then, the rate of a solid-state reaction can be generally described by equation (2), where A is the preexponential factor, E the activation energy, and R is the gas constant. The above rate expression can be considered as a function of temperature as given in equation (3), where b is the heating rate.
It is well known that the ambiguity of the kinetic triplet (E, A, f(a)) creates difficulties for predicting the behavior of compounds over the range of experimental temperatures. This ambiguity can be overcome by using model-free isoconversional methods which allow estimating the activation energy as a function of a, without the need to specify neither the reaction model nor the pre-exponential factor. The basic assumption of these methods is that the reaction rate for a constant extent of conversion, a, depends only on temperature [9] [10] [11] [12] . Constant E values can be expected in the case of single state decomposition, while in a multistep process E varies with a due to changes in the relative contributions of each single step to the overall reaction rate. The KAS method [13] [14] uses Coats-Redfern [15] approximation of the temperature integral that leads to
The integral form of the reaction model f(a) is given by gðaÞ. Thus, for a ¼ const, a plot of lnðb=T 2 Þ versus 1/T, obtained from thermal curves recorded at several heating rates, is a straight line whose slope allows evaluation of the activation energy [16] . Four different heating rates were used in this study (b = 2.5, 5, 10, and 15 K min -1 ) providing the conversion curves presented in Fig. 1 .
Results and discussion
The synchrotron powder diffraction pattern (Fig. 2) of polycrystalline solid obtained after the thermal treatment of (NH 4 ) 2 Th(PO 4 ) 2 ÁH 2 O at 1,273 K (see sample preparation section) has been indexed in an orthorhombic cell (a = 11.68 Å , b = 7.17 Å , c = 12.94 Å ) with very similar cell parameters to the known uranium phosphate-triphosphate, U 2 (PO 4 )(P 3 O 10 ) (a = 11.526 Å , b = 7.048 Å , c = 12.807 Å , Pn2 1 a space group) solved from singlecrystal X-ray diffraction data [17] . On a preliminary analysis, our synchrotron powder diffraction data were used in a pattern-matching refinement in the Pn2 1 a space group, and all peaks were correctly assigned. Then, GSAS [18] was applied to refine the unit cell parameters by using the U 2 (PO 4 )(P 3 O 10 ) structure as model. Zero point, lattice, and 4 and P 3 O 10 groups were treated as rigid bodies) was performed. Finally, Reflex module (from Materials Studio package) was used in refinement (Rietveld plot is shown in Fig. 2 ). Crystallographic parameters are collected in Table 1 and fractional atomic coordinates are reported in Table 2 .
In our structural model for Th(PO 4 )(P 3 O 10 ), the thorium atoms occupy two different crystallographic sites, with each thorium being eight coordinated (Fig. 3a) . The Th1-O bond lengths are within 2.27-2.40 Å , and the Th2-O within 2.30-2.67 Å . The O1-O5 and O2-O7 edges are common to Th1O 8 and Th2O 8 polyhedrons, leading to infinite zig-zag chains along the b-axis (Fig. 3b) . Four different sites were evidenced for the phosphorus atoms, where P1 corresponds to isolated phosphate groups, while the other three (P2, P3 and P4) constitute the triphosphate groups. In the P 3 O 10 units, the phosphorus atoms are linked through oxygen atoms in the P2-O13-P4-O14-P3 sequence (see Fig. 3c ), always with the PO 4 and P 3 O 10 groups considered as rigid bodies (see Fig. 3d ).
In order to enlarge the structural information about the new thorium(IV) phosphate-triphosphate, this compound was scrutinized by solid-state nuclear magnetic resonance (SS-NMR) spectroscopy. The numerous 31 P isotropic chemical shifts characteristics of Th(PO 4 )(P 3 O 10 ) originate a very complex spectrum for this compound (see Fig. 4) , with multiple signals in a wide range of chemical shifts (CS). All signals can be classified in three zones (A, B, and C) with integrated intensities in an approximate ratio of 1:2:1. In phosphate type materials, an increase of condensation degree (Q 0 ? Q n , where n is the number of P-O-P moieties per PO 4 -tetrahedron) provokes a CS displacement toward negative values [20] . Therefore, A-zone (CS from -14 ppm to -17 ppm) should be assigned to isolated PO 4 groups (Q 0 ), B-zone (CS from -19 ppm to -32 ppm) corresponding to two terminal groups on the P 3 O 10 units (Q 1 ) and, finally, C-zone (CS from -38 ppm to -44 ppm) should be associated to the Q 2 groups (central phosphorus in P 3 O 10 ). Our SS-NMR experimental data indicate that the structural features of the Th(PO 4 )(P 3 O 10 ) compound is only partially described for the model proposed in this paper, in the same way to the behavior previously reported for some metal(IV) diphosphates, where cubic 3 9 3 9 3 superstructures were characterized [21] . As in precedent cases [22] , probably, only synchrotron radiation single-crystal data will provide experimental evidence for the total number of crystallographically distinct P sites for this novel thorium phosphate-triphosphate.
Thermo-decomposition data (TG and DTG), previously reported [3] for the Th(PO 4 )(P 3 O 10 ) precursor, (NH 4 ) 2-Th(PO 4 ) 2 ÁH 2 O, indicate that the top speed in the release of the water takes place at about 393 K, where in a later step (DTG minimum at 588 K) the anhydrous compound is transformed in thorium(IV) diphosphate. Application of KAS isoconversional method to the experimental data obtained in this work (Fig. 1) leads to the calculation of the variation in activation energy (E) as a function of extent of conversion (a) (see Fig. 5a ). E is approximately constant in the conversion range of 0.05-0.20 (E * 62 kJÁmol -1 ) and increases until ca. 105 kJÁmol -1 (extent of conversion of 0.50-0.80). Later on, it diminishes until ca. 0.80 kJÁmol -1 . In general, constant E-values can be expected in the case of a single reaction. However, in our experiment, the E curve sinusoidal profile indicates that the decomposition mechanism is a function of the extent of conversion. This fact should be related to the difference in both water and ammonia desorption steps (see Fig. 5b, c) .
The thermal transformation from (NH 4 ) 2 Th(PO 4 ) 2 ÁH 2 O to Th(PO 4 )(P 3 O 10 ) was monitored by powder X-ray thermo-diffraction from room temperature to 1,273 K. The dehydration process (Fig. 6 ) takes place in two steps, with the formation of an intermediate phase that, in our experimental conditions, is not possible to isolate (see Fig. 7 ). The interlayer distance decreases from 6.53 Å (monohydrated phase) to 6.31 Å (anhydrous phase), with intermediate values for the partially hydrated phase (6.42 Å ) (see Table S1 , supplementary material). After dehydration, the condensation process provokes the formation of an amorphous material that crystallizes to thorium(IV) diphosphate when the temperature increases (see Fig. 8a, b) . At higher temperatures (see Fig. 8c and Table S2 ), the a-ThP 2 O 7 cubic phase slowly transforms to the Th 2 (PO 4 )(P 3 O 10 ) orthorhombic phase.
Conclusions
The novel thorium(IV) phosphate-triphosphate, Th 2 (PO 4 )(P 3 O 10 ), was thermally synthesized. Its structure is built by ThO 8 polyhedral chains along the b-axis, which are connected by PO 4 3-and P 3 O 10 5-groups. Thermal transformation from (NH 4 ) 2 Th(PO 4 ) 2 ÁH 2 O to Th 2 (PO 4 )(P 3 O 10 ) was monitored by thermogravimetric analysis (including activation energy data) and powder X-ray thermo-diffraction. The complete characterization of two new layered phases, (NH 4 ) 2 Th(PO 4 ) 2 ÁnH 2 O and (NH 4 ) 2 Th(PO 4 ) 2 , in addition to the better knowledge of the Th 2 (PO 4 )(P 3 O 10 ) structure, is the task that should be carried out in future. 
